Abstract-Passive radio frequency identification (RFID) system operating in the ultrahigh frequency (UHF) band ranging from 860 MHz to 960 MHz is getting considerable attention in the recent years as it provides a long reading range, high data rate, and small antenna size. However, the passive UHF RFID tag does not work when it is directly mounted on metal objects. The performance of the passive UHF RFID tag is becoming increasing important for tagging metallic objects, in particular, in the warehouse applications. In this paper, a micro-strip patch antenna is proposed for the passive UHF RFID systems to tag metallic objects. The proposed design of the micro-strip patch antenna is supplemented by simulation and reading range measurement results. The prototype antenna measurements show a maximum reading range of 4.5 m and a reliable reading range of 1.89 m on metallic objects. The experimental results show that the prototype micro-strip patch antenna works very well on the metallic objects.
I. INTRODUCTION Radio frequency identification (RFID) technology
is growing a tremendous demand in the supply chain management systems. RFID is an automatic and pervasive identification technology for collecting and gathering data from a tagged item. The data is stored in the mobile device called tag which is embedded in cardboard boxes, ID card, airline baggage strip, passport, and clothing tags. When the tag comes in the reader's reading zone, the data is collected by the reader without any need of physical contact. The data in the tag may be the identification number, location information, or specification of product such as price, brand, and date. Unlike bar code technology, the RFID technology does not require line-of-sight and reads longer distance [2] . Such advantages help the supply chain to operate very fast and efficiently.
Recently, a passive RFID system that operates in the UHF band from 860 to 960 MHz is getting considerable attention in many applications [3] . As the passive tag is very cheap due to the absence of an onboard battery, it provides longer reading range, high data rate, and small antenna. A label-type dipole antenna is commonly used as a tag antenna and is printed on a very thin film at low cost [4, 5] to reduce the overall cost of the tag. However, the papers [6] and [7] have reported that the passive tags undergo serious performance degradation when it is mounted on metallic objects. The metallic objects shortcircuit the tag antenna and changes the performance parameters such as radiation pattern, antenna impedance, gain and bandwidth. As a result, the tag can become unreadable to the reader within the normal reading zone. On the other hand, there are still increasing demands on RFID technology in the supply chain application for tagging metallic objects since most of the items in a warehouse are made of metal or encased in metallic boxes or containers.
This problem may be solved by using an active RFID tag, but it will be very costly. An alternative solution would be keeping enough separation gaps between the tag and the metallic surface or designing a tag antenna that can operate using the ground plane. Micro-strip patch antenna and planar inverted-F antenna (PIFA) are attractive choices as the both antennas uses the ground plane. The RFID tags have employed using the micro-strip patch antenna in [8] [9] [10] [11] [12] [13] [14] [15] and the PIFA in [16] [17] [18] . However, all these tag antenna designs have an electrical connection between the radiating element and the ground plane (e.g. [10] ), and an electrical connection between the feeding line and the ground plane (e.g. [14] ). This leads to the cross-layered construction of tag antennas. In PIFA design, the tag antenna has multi-layered construction (e.g. [17] ). Such designs have complex and costly antenna structure, but most of the RFID applications demand the tag to be smaller in size and of low cost. To achieve this, the tag antenna should be constructed with a completely planar structure without any cross or multi-layered construction.
In this paper, a complete planar micro-strip patch antenna is proposed for a passive UHF RFID tag that can be used for tagging metallic containers or boxes in the warehouse environment. The fundamental characteristic of the proposed antenna design is that the radiating element (patch) is suspended above the ground plane without any electrical connection between the radiating element and the ground plane. This eliminates the cross-layered and multi-layered construction without compromising its performance.
The rest of the paper is organised as follows. Section II discusses the proposed antenna design. Section III presents the simulation set-up and results of the proposed antenna. Section IV explains the prototype development and the experimentation of the reading range measurement. Finally, section V draws the conclusion with some future works.
II. THE PROPOSED ANTENNA DESIGN

A. Application of the Proposed Antenna
The proposed micro-strip patch antenna for a passive UHF RFID tag is considered to operate in the UK and Europe warehouse environment for tagging metallic boxes or containers [15] , [19] . The proposed antenna should be easily tuneable from 865 MHz to 867 MHz range for the UK and Europe UHF RFID frequency band. The operating frequency (f 0 ) of the proposed antenna is selected as 866 MHz.
B. A UHF RFID Tag Chip
A passive UHF RFID tag consists of an antenna and a chip. The UHF RFID tag antennas are designed based on the input impedance of the tag chip. For the proposed design, the Alien Higgs-3 [20] is selected as it is widely used in the industry and is commercially available in the market. The Alien Higgs-3 is an integrated single chip for EPC (Electronic Product Code) Class 1 Generation 2 RFID tag manufactured by the Alien Technology. The Alien Higgs-3 exhibits an input impedance of Z C = (31 -frequency and requires a minimum of -14 dBm power to turn on the chip. In order to deliver the maximum power from the antenna to the chip, the input impedance of the antenna, Z A should be complex conjugately matched to the chip impedance, Z C (i.e. Z C = Z A * ). Therefore, the proposed antenna design should have an input impedance of Z A
C. The Tag Antenna Substrate Material
For low cost, easy installation and availability in the market, the Printed Circuit Board (PCB) manufactured by the KELAN [21] is chosen as the substrate for the proposed antenna. The PCB is made from double sided copper clad Epoxy Glass Flame Retardant Type-4 (FR4) with thickness (h) of 1.6 mm, relative permittivity ( r ) of 4.9, loss tangent ( ) of 0.025 and the copper clad thickness (t a ) of 0.0356 mm. The one side of the copper is used as the radiating element and other side of the copper is used as the ground plane of the proposed antenna.
D. The Proposed Antenna Structure Design
Fig . 1 shows the basic structure of the proposed antenna. The proposed micro-strip patch antenna has three layers. The top layer is the radiating element (i.e. antenna trace or patch), middle layer is the antenna substrate, and bottom layer is the antenna ground plane. The radiating element has length (L) of 78 mm and width (W) of 50 mm. The ground plane has length of 86 mm and width of 58 mm. The variation of width (W) vs return loss for fixed length is shown in the simulation result section. The proposed antenna is designed for the selected substrate height (h) of 1.6 mm based on the PCB manufacturer specification. The two small slots are made on the radiating element which are called window having the length, L w = 6 mm and width, W w = 2 mm. The windows are used for fine tuning of the resonance frequency of the proposed antenna. By varying L w and W w with small step, the resonance frequency of the proposed antenna is tuned to the desired operating frequency without changing other parameters of the radiating element.
Traditional micro-strip patch antenna is single feed that can be designed as direct feed type or coupled feed type and keeping reference with respect to the ground plane [22] . Such feeding methods require a cross-layered construction like electrical connection between the patch and the ground plane in order to attach the chip to the antenna. To avoid cross-layer, T-match feeding is proposed for this design. The T-match feeding lines are inserted inside the rectangular slot made on the radiating element with the slot length, L s = 40 mm and slot width, W s = 6 mm.
The chip is then directly attached to the T-match feeding lines. This eliminates the electrical connection between the feeding line and the ground plane. The chip location is fixed at the centre of the radiating element (i.e. at the origin of principle x-y plane of the proposed antenna). The RF port-1 of the RFID chip is connected to the radiating element via feed line-1 having length, L fa = 6.5 mm and the RF port-2 (i.e. ground) is connected to the radiating element via feed line-2 having length, L fb = 32.5 mm. Both feeding lines have width, W f = 2 mm. The input impedance of the proposed antenna is tuned by adjusting geometry parameters of T-match feeding lines.
III. SIMULATION SET-UP AND RESULTS
A. Simulation Set-up
The proposed micro-strip patch antenna is designed and simulated in the Sonnet Lite EM simulator [23] . The same model is developed in AWR (Advancing the Wireless Revolution) simulator [24] and simulation results are compared for validation. Both EM simulator works based on the method of moments (MoM).
The Sonnet EM simulation analysis is performed inside a four-sided lossless metal box. This box is divided into the three layers as shown in Fig. 2 . The top layer is set as the free space, the middle layer as the substrate and the bottom layer as the ground plane. The antenna radiating element is placed on the substrate at the centre of the box. While the four sidewalls provide a perfect ground reference as well as to use Fast Fourier Transform (FFT) to compute all circuit cross-coupling. The sidewalls are set at 1.5 wavelengths (the Sonnet recommended to set one to three wavelengths) from the antenna trace to avoid the effects from the sidewalls. The wavelength of an 866 MHz signal is 346 mm. This gives the box size of 1200 mm x 1200 mm. The top layer and bottom layer are set at 200 mm (the Sonnet recommended to set not less than or equal to the half wavelength) which is slightly more than half wavelength to avoid the effect of fringing fields (i.e. near field). The middle layer is set at the height of 1.6 mm with dielectric constant ( r ) of 4.9 and loss tangent ( ) of 0.025. The antenna radiating element material is selected as a copper (i.e. same as design) and set as copper thickness (t a ) of 0.0356 mm and conductivity of 58000000 siemens per meter.
B. Simulation Results 1) The Optimisation of the Proposed Antenna Width for Selected Length
From the theoretical calculation of the rectangular microstrip patch [22] , the length and the width are 78.82 mm and 100.80 mm, respectively at 866 MHz operating frequency which is too large for the RFID tag. To optimise the size of the tag antenna, the length or the width or both can be reduced simultaneously. In this proposed design, the antenna length is selected to L = 78 mm and kept constant while simulating. A 
2) Fine Tuning of the Resonance Frequency of with help of Windows
As mentioned in section II, two small slots on the radiating element known as windows are used for the fine tuning of the proposed antenna to the desired resonance frequency. Fig. 4 shows the return loss curve for different values of window length (L w ) while keeping window width (W w ) = 2 mm and other parameters of the proposed antenna at constant. When L w varies from 2 mm to 10 mm, the resonance frequency of the proposed antenna varies 867 MHz to 864 MHz, respectively. This clearly shows that without changing other parameter of the proposed antenna, the resonance of the antenna can be tuned to desired operating frequency by varying the length of the two small slots on the radiating element. When L w = 6 mm, the resonance frequency is 866 MHz and it meets the design requirement of the proposed antenna. Fig. 6 and Fig. 7 show the input resistance and input reactance, respectively against UHF frequency of the proposed micro-strip patch antenna. Both the Sonnet and AWR simulation are closely matched. The impedance characteristics show that the input resistance and reactance of the antenna are complex conjugately matched to the chip input impedance of Z C = (31 -It is clearly shown in Fig. 6 that the proposed antenna input resistance (R A On the other hand, the input reactance (X A ) is given by the average value of X A-max (maximum peak reactance) by X A-min (minimum peak reactance). From simulation results, the calculated average input chip input reactance. The input resistance matching between the antenna and the chip at the resonance frequency can be tuned by adjusting the rectangular slot length L S and the inset feeding line L fb as shown in Fig. 8 .
4) Input Impedance Curve of the Proposed Antenna
Similarly, the input reactance matching between the antenna and chip at the resonance frequency can be tuned by adjusting the rectangular slot W s , the distance of feeding line L fb and feeding line width W f . Fig. 9 shows the simulated radiation patterns of the proposed micro-strip patch antenna at 866 MHz in the E-plane (x-z plane). Fig. 10 shows the simulated radiation patterns of the proposed micro-strip patch antenna at 866 MHz in the Hplane (x-y plane). At zero degree, E-plane has a maximum radiation of 3.28 dB and H-plane has maximum radiation of 3.29 dB. The radiation patterns are almost omnidirectional in the E-plane and almost bidirectional in the H-plane. Fig. 11 shows the current distribution at 866 MHz over the proposed patch antenna.
5) Radiation Patterns of the Proposed Antenna
6) Effect of the Ground Plane Size on the Performance of the Proposed Antenna
The antenna is designed on the infinite ground plane in both the Sonnet and AWR EM simulators. However, in a real world application, the infinite ground plane is replaced by the finite ground plane and it can show some effects on the return loss and on the resonance frequency of the micro-strip patch antenna [11, 16] . To investigate this effect, three different ground planes of sizes 86mm x 58mm x 0.0358mm, 100mm x 100mm x 0.0358mm, and infinite one are considered. Fig. 12 shows the simulated return loss against UHF frequency of the proposed micro-strip patch antenna while keeping other parameters of the proposed tag antenna the same. The change in bandwidth is evaluated based on the half power (< -3 dB) and < -10 dB return loss bandwidth. There is not much effect on the bandwidths but there are shifts in the resonance frequencies. However, the entire range of shifts in the resonance frequencies is within the desired goal of the proposed tag antenna. 
IV. PROTOTYPE DEVELOPMENT AND READING RANGE MEASUREMENT
The reading range is a very important performance parameter of the RFID tag. The RFID tag is considered to be better if the reading range is longer. In order to investigate the effects of the metallic objects on the reading range of the proposed micro-strip patch antenna, a prototype is fabricated.
A. Prototyping
The prototype micro-strip patch antenna is fabricated using the KELAN PCB discussed in section II. First, the FR4 PCB board is cut into required size. Then, the micro-strip patch antenna is fabricated using the Milling machine. Next, the Alien Higgs-3 is attached to the prototype micro-strip patch antenna. Once the chip is attached to the tag antenna, it is called as an inlay or a tag. Fig. 13 shows the prototype tag and the Alien squiggle tag [25] . 
B. Experimentation of the Reading Range Measurement
The Alien RFID reader (model no. ALR-9900-EMA) [26] with output power of 31.6 dBm (equivalent to 2 watts effective radiated power, ERP) and a circular polarised reader antenna that operates at 866 MHz is used in the measurement. Fig. 14 shows the reading range measurement set-up. The reading range of the prototype tag is compared with the Alien squiggle tag (model no. ALN-9640), a commercial passive UHF RFID tag manufactured by the Alien Technology. The reading range of the prototype tag is measured for two cases -the maximum reading range and the effective reading range. The maximum reading range measurement for the prototype tag is performed in the outdoor environment which gives enough space to move the prototype tag from the reader antenna and the results are given in TABLE 1.
In this experimentation, the reader antenna is fixed on the wall and faces towards the open space to avoid interference from the surrounding environment. It is measured in two scenarios. In the first scenario, the maximum reading range of the Alien tag and the prototype tag are measured in the free space. In the second scenario, the tags are attached onto a 150 mm x 150 mm Aluminium plate and the reading range is measured. The maximum reading range is defined as the maximum line-of-sight distance between the reader antenna and the tag where the tag is continuously read for a minimum of one minute. Alien squiggle tag 0
The prototype tag 4.5
The effective reading range measurement of the tags is performed in an indoor environment to observe the effects of signal disturbances from other electronic devices near the reader. The photograph of the effective reading range measurement set-up is shown in Fig. 15 . In this experimentation, the reader antenna is mounted on a stand which is erected below the room ceiling. The read antenna is faced downward to the floor level at the height of 1.91 m. The results are given in TABLE 2.
In this experimentation, the tag is attached onto cardboard or Aluminium plate and is moved in several horizontal and vertical directions with respective to the reader antenna axis and the effective reading range is measured. The effective reading range is defined as the distance between the reader antenna and the tag where the tag is continuously read at any time without any fluctuation in the reading signal. Alien squiggle tag 0
The prototype tag 1.89 From the experimentation, it is observed that the Alien squiggle tag exhibits a longer reading range than the prototype when it is attached to the cardboard. However, the Alien squiggle tag does not work at all when it is attached directly on the metallic surface or on human skin. On the other hand, the prototype tag works very well on the metallic surface and on human skin.
It is observed that the highest reading range (i.e. maximum reading range) of the proposed tag is 4.5 m when it is attached to the metallic plate and on the human skin. The effective or reliable reading range of the prototype tag on the metallic plate is 1.89 m. It clearly shows that the prototype tag performs superior on the metallic surface than the Alien squiggle tag. The interesting observation from the experimentation is that the prototype tag works better on the metallic surface than the cardboard. The reliable reading range of the prototype tag for both on the cardboard and on the metallic object tagging is satisfactory for most of the passive RFID applications.
V. CONCLUSION
A Micro-strip patch antenna is proposed for the passive UHF RFID tag system and can be used for tagging metallic containers in the UK and European warehouse environment. The proposed antenna is designed to operate at the centre frequency of 866 MHz and is tuneable from 865 MHz to 867 MHz UHF frequency band. The design is supported by the simulation results. A prototype of the proposed micro-strip patch antenna is fabricated and the reading range is compared with the Alien squiggle tag. It is observed that when the Alien squiggle tag is placed on a metal object or human body, the tag is not read at all even if tag is moved very close to the reader antenna. On the other hand, the maximum reading range of the prototype is 4.5 m with and without any metallic plate in an outdoor environment. The prototype antenna exhibits a 100% reliable reading range of 1.07 m on cardboard and 1.89 m on a metal plate in an indoor environment. With the help of design, simulation, and implementation results, it is clearly demonstrated that the use of the micro-strip patch antenna for a passive UHF RFID tag can possibly solve the existing problem faced by the passive UHF RFID system for tagging metallic objects. Designing micro-strip patch antenna using paper substrate to reduce overall cost, optimising the micro-strip patch antenna gain and increasing the reading range, conduction of more realistic experimentation from applications point of view and integration of the proposed tag with the readers/antennas (from system point of view or as a product or standardisation) can be considered as future works.
